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Abstract 

(N ■ 

5^ ' We computed the leading non-analytic chiral corrections to the generalized par- 

^ ■ ton distributions (GPDs) of the pion and to the two-pion distribution amplitudes. 

^5 \ This allows us to obtain the corresponding corrections for the hard exclusive pro- 

cesses, such as 7*7 — > tttt, j*N — > 2tvN' and deeply virtual Compton scattering on 
■ the pion target. 

> ' 

1 Introduction 

\o . 

1 Hard processes are known to provide us with valuable information about the quark and 
gluon structure of hadrons in terms of parton distributions and parton distribution am- 
plitudes. The generalized parton distributions (GPDs) |], [|, entering the QCD 
description of the hard exclusive processes, interpolate, in a sense, between usual parton 
Q_i! distribution, distribution amplitudes and elastic hadron form factors (for a review see 
e.g. ||). GPDs are determined by the low energy physics, therefore their dependence 
on the quark mass, small momentum transfer, etc. can be studied with help of chiral 
perturbation theory (ChPT). 

In the present paper we develop the ChPT for the simple case of the GPDs in the 
pion and two pion distribution amplitudes (27rDA). We present the results at the one loop 
level of the ChPT. In this way we compute the leading non-analytic corrections of the 
type p 2 ln(p 2 ) (where p 2 ~ m 2 ~ t) to GPDs. Such corrections are universal and allow 
us to get an insight into structure of the GPDs. Additionally the leading non-analytic 
chiral correction to GPDs can be immediately translated to corresponding correction for 
the exclusive hard processes such as 7*7r — > 771", 7*iV — > 2nN', 7*7 — > mr, etc. Such chiral 
corrections to the hard exclusive processes are computed in the present paper for the first 
time. 



2 Chiral expansion for the light-cone matrix elements 

In this section we discuss the matching of the light-cone quark-gluon operators to the 
operators in the effective field theory. 

The generalized parton distributions (GPDs) and distributions amplitudes are denned 
as various matrix elements of the quark-gluon operators on the light cone. Let us introduce 
left and right twist-2 quark operators on the light cone: 
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oft(A) = A(^)n^*,(-^). (i) 

Here the vector is the light-cone vector n 2 = 0, f,g stand for flavour indices. It 
is always assumed the colour gauge link along a straight line between the points An/2 
and —An/2. In the effective field theory the operators ([I]) are matched to the operators 
formulated in terms of effective degrees of freedom: 



L ' R {\) =F® O e L /(A) , (2) 

where 0^ R (X) is an effective hadronic operator with the same quantum numbers (but 
not necessarily with the same twist) as the quark operators (p]) and F is the generating 
function for the c-number coefficients which are input for effective field theory. In order 
to make sense out of decomposition (fj) we need to have systematic power counting rules 
for construction of the hadronic operator 0^ R (X). 

As usually we are going to use the Goldstone bosons of spontaneous chiral symme- 
try breaking as degrees of freedom for the construction of the effective operators. The 
standard power counting of the chiral perturbation theory (ChPT) uses the fact that 
the Goldstone bosons do not interact at zero momentum. Therefore on the level of this 
effective field theory, the expansion amounts to a derivative expansion of the effective 
Lagrangian || (see for introduction to ChPT). The lowest order term reads: 

C eff = C 2 + = ^fidpU&rf + X U ] + x'U) + ... (3) 

where the Goldstone boson fields U(x) = exp(iir a (x)r a /F n ), x — 2£>diag(m u , m^Q and 
dots denote higher order terms. We consider two flavour case and do not introduce 
external fields for brevity. The fields U, x that occur in the effective Lagrangian are 
subject to the following chiral counting rules: 

l7~O(p ), dpUnOtf), x~0(p 2 ) (4) 

where p is small momentum, i.e. small parameter of chiral expansion. From (jU) one finds 
that the leading order effective Lagrangian (|3]) is of order p 2 . We would like to emphasize, 
that locality together with condition UU' = 1 plays important role in derivation of the 
chiral expansion ||. 

On the other hand, the description of the many hadron hard reactions grounds on 
the QCD collinear factorization. In such approach the non-perturbative part associated 
with a soft physics is parametrized by the matrix elements of some non-local light-cone 
operators. These objects appear as natural constructing blocks and it is convenient to 

1 We use standard notation for quark condensate (ipip) = —F%B + 0(p 2 \np) 
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keep these operators non-local without transition to a series of the local operators. Such 
approach is useful in the higher energy phenomenology and we would like to follow this 
philosophy in the effective theory. 

Therefore, to perform the matching (0) in terms of the effective fields the standard 
counting rules (ffl) should be slightly extended. The point is that although after the QCD 
factorization the soft part of the hard processes does not contain the hard momenta, it 
still "remembers" about them. In the operators ([!]) such "memory" is reflected by the 
dependence on the light-cone vector n M and we have to specify the chiral order of this 
parameter. 

Let us mention that the light-cone decomposition of any four-vector reads: 



V» = V + n» + V- n» + V? . 



(5) 



Here are n M and n M are light-cone vectors n 2 



n 



which we normalize as n ■ n 



1. These two vectors define two-dimensional plane, the perpendicular plane is called 
transverse plane. The vectors from the transverse plane by definition satisfy n • V± = 
n ■ V± = 0. The physical observables are obviously invariant under rescaling of the vector 
n, i.e. under transformation — > c where c is an arbitrary nonzero constant. This 
invariance corresponds to the boost invariance of the physical observables. It is convenient 
to fix the normalization of the light-cone vector n M by condition like n ■ p = 1 where p is 
one of the small external momenta entering the soft part of the amplitude. Such condition 
implies that the light-cone vectors ~ 0(l/p) and n M ~ 0(p), where p assumed to be a 
generic soft momentum as in power counting (^). 

To summarize, we have to construct the effective hadronic operator in eq. (|2]) using as 
building blocks chiral fields U (x) and their derivatives with counting rules: 



n-dU{x) ~0(p°), n-dU(x) ~ 0(p 2 ), d±U{x) ~ 0{p) . 



(6) 



Using these building blocks one can derive that in effective field theory the operators (fj) 
are matched to the operators in terms of Goldstone degrees of freedom with the same 
quantum numbers: 



iFl 
4 

iFl 
4 



1 ,1-1/31 

d(3 / da F((3, a) 

-1 J~l+\/3\ 
1 

d(3 / da F(J3, a) 

-1 J-l+\/3\ 



U —r—Xn )n- dUU - \n 



+ ... 



fa 



+ ..(.7) 



-1/9 



Here F((3, a) is the generating function of the tower of low-energy constants and d denotes 

d — d- The low-energy constants are characteristics of the structure of the pion, they are 
not determined in the effective field theory. The ellipsis in eqs. (0) stands for operators 
which do not contribute to the one and two pion matrix elements of the operators L,R 
or which are of higher orders in the chiral counting. Note that if one would consider 
the chiral corrections say for three pion distribution amplitudes one would need to add 
additional operators to eq. (|?p. In the next section we consider chiral expansion of some 
light-cone matrix elements at the leading order using formulae (0). 
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a b 

Figure 1: Integration lines for integrals relating GPDs H I (x,^) (a) and 27rDAs $2-k( u )V) O 3 ) 
with DD F 7 (/3,a). Dashed line is a typical integration line for the D-term. 



Let us note that for the gluon light-cone operators the construction of the correspond- 
ing effective operators is actually the same as for the singlet quark operators. The only 
difference that for gluon operators we have to introduce an independent generating func- 
tion Fa(f3,a). We do not discuss the gluon distributions in the present paper because 
their discussion repeats almost word by word that for the singlet quarks distributions. 

3 Light-cone matrix elements in the leading order of 
chiral expansion 

In order to see the physical meaning of the generating function F(/3, a) in (|7|) we compute 
the GPDs of the pion and 27rDAs in the leading order of chiral expansion. GPDs of the 
pion are defined as: 



^ e -i(n-P>X^b^ tT If qL+R^X)] \lT a (p)} 
2,71 L - 1 



2i£ abc h i=x {x, f , t), for f = T C 
25 ab # I=0 (x,£,t), for f= 1 



Here we introduced the nonsine let H I=1 and singlet H 1 GPDs of the pion. In what 
follows we use the standard notations for kinematical variables: P = \{p + p'), £ = 
~ "!(p4y] an d t = (p'—p) 2 - Now substituting the expressions for the light-cone operators in 
the effective theory (0) into the definition of GPDs @ and computing the corresponding 
matrix elements at the tree level we obtain the following expressions for GPDs in the 

o 

leading order of ChPT (denoted H)'- 

H 1 (x, = f [dadp] F\(3, a) [8{x - £a- 0) - (1 - I) £5(x - $(a + p))] . (9) 



Here we introduce the notations F l,0 (a,f3) = i(F(/3, a) ± F(—(3,a)) and [dad/3] stands 
for the integration over the rombus |a| + 1/3| < 1, see Fig. |l|. In the first term of eq. (§) one 
recognizes immediately the double distribution representation for the GPD [1], |J. The 
second termf] in eq. @ corresponds to the D-term contribution to the GPDs. Note 

2 which contributes only for the singlet GPD 
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that the D-term for the pion GPD is also fixed in terms of the double distribution due to 
the soft pion theorem of ref. [K^ 



H I=0 (x^ = ±l) = 0. (10) 

From this simple exercise we learned that the generating function F(/3, a) for the low- 
energy chiral constants coincides in the leading order of ChPT with the double distribution 
for the pion in the chiral limit and at zero momentum transfer squared. This implies that 
the function F(/3, a) is related to the quark distributions in the pion in the chiral limit 

( m?r = 0): 



9{0) q ((3) - 6{-(3) q 



1-1/31 1 

da F I=0 ((3, a) = - 

-l+l/3| 2 

1_l/31 da F I=1 {{3, a) = 6(J3) q {(3) + 6{-f3) °q {-(3) . 

-1+|/3| 



;n) 

'12) 



The first moment of these distributions is related to the forward matrix elements of the 
energy momentum tensor and vector current respectively. This gives: 



[dad/3] F I=0 ({3,a){3 
[dad(3] F I=1 ((3,a) 



1 . 



(13) 
(14) 



where we introduce notation for the fraction of the pion momentum carried by quarks 
and antiquarks M® = Jq dx x (q(x) +q(x)). Using these equations and @ one can easily 
obtain first moment for GPD H I=1, °: 



dxx H 7-0 



-l 



dx H 1 - 1 ^,^) 



(15) 
(16) 



The interpretation of the generating functions F I (f3, a) as DD's means that these func- 
tions depend on the factorization scale fi. The functional dependence from this parameter 
is described by the evolution equations [H . For the sake of simplicity we do not write this 
argument explicitly but imply it. 

Because the matching of the operators ([!]) is universal, the same effective operators 
(|7|) can be used to define the pion and two-pion distribution amplitudes in the leading 
order of ChPT. 

The pion DA is defined as: 



— e- i{n - p)uX (7c a (p)\ti \r b L - R (\)} |0) = i5 ab F n <j>„(u) . 
2tv l i 



(17) 



In the leading order of ChPT we obtain for the pion DA in the chiral limit (refereed to 



as 
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[dad(3] F I=1 ((3, a) 8{u-a- (3) 
Comparing this expression with eq. (g) we recover that 

±H I=1 (u,£ = ±l). 



u 



(19) 



This is again in an agreement with the soft pion theorem of ref. pO 
The two-pion DAs (27rDAs) are defined as: 



— e- iuX( - n ^ +p '^ 2 {7r a (p)7r\p , )\tx \f L+R (X)] |0> 

2% L J 



ie abc $2~ 1 (u, 77, m, 



for T = r c 



S ab &=0( u ^ m ^ forT 



with the kinematical variables rj = ^fep^j and m 2 ^ = (p + p') 2 > 0. The leading ChPT 

o 

order expression for 27rDAs (referred to as $2tt) has the form: 

I ^(u, rj) = [ [dad/3] F J ((3, a) [q 5(u-a- rj/3) - (1 - I) 5(u - a - (3))} . (21) 



We see that the 27rDAs are expressible in terms of the same double distribution. In Fig. [I] 
we illustrated how to obtain pion GPDs, D-term and pion and 27rDAs from the double 
distribution F([3,a). From eq. (O) we obtain 



duu $ i w °{u,r]) 



-i 



du $ 27T (u, 7]) 



1 . 



Again, using (pT]) and ( jT8|) one easily obtain soft pion theorems [|T0| , [IT 

= 0, 



$^(^^ = ±1) 



± 



u 



(22) 
(23) 

(24) 
(25) 



4 Leading non-analytic chiral corrections to GPDs 
and DAs 

In what follows we consider the next-to-leading chiral corrections of the type p 2 ln(p 2 ) with 
m 2 ~ t ~ m 2 ,,. ~ p 2 . These leading non-analytic contributions to the pion GPDs and 
DAs are universal in the sense that they are expressible completely in terms of the leading 
order generating function F(/3, a). The corresponding corrections are obtained computing 
the loop diagrams shown on Figs. ^,|3]. The divergencies contained in the one loop graphs 
can be removed by renormalization of the coupling constants which appear in the NLO of 
ChPT. Then loop contributions depends on the chiral renormalization scale /i x . A change 
in this scale however only adds a constants which will shift running couplings. Because 
we compute only the leading non-analytic terms the detailed discussion of this subject is 
outside of our consideration. 
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( a ) (b) (c) 

Figure 2: Diagrams contributing to GPD matrix elements. Arrows denote the directions of 
external momenta. Tree level (a) and loop corrections (b), (c). The four pion vertex in the 
diagram (b) originates from expansion of effective Lagrangian (|3|). 

4.1 Generalized Parton Distributions 

Computing diagrams on Fig.0 for the case of pion GPDs we obtain the following expres- 
sions for them with leading non-analytic corrections included: 



0[\x\ <£] 
2(47^)2 



(26) 



2t] / drj In 



(1 



^4 




6[\x\ < £} ' 



m^lnm^ 



2(47^)^ 7-i 



^4 



In 



(27) 



d o T ( x N 



In both equations H and $ ^ are the leading order expressions given by eq. (|) and 
eq. ( pl"D correspondingly. For convenience we do not write explicitly the dependence on 
fi x assuming it in all logarithms: 



In 



= In 



ml/nl 



+ In 



(l-^ 2 ) 



Ami 



(2? 



Nontrivial contributions with two pion DAs $ 27T originated from the diagram Fig. 0(b). 
Appearance of two pion DAs is a direct consequence of the presence of the two pion state 
in the t-channel. From eq. (|2lp and eq. ( ^7\ j we see that in both cases the leading non- 
analytic in t chiral corrections are nonzero only in the so-called ERBL-region \x\ < £. This 
shows that the t-dependence of GPDs can not be reduced to popular factorized ansatz 
H{x,t,t)=H(x,OF(t). 
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At the points x = ±£ chiral corrections nullifies (except trivial t-independent term 
in the isovector GPD), because it is expected that the two-pion distribution amplitudes 
nullify at the end points: 



ll(u = ±l, V ) = 0. 



(29) 



Such behaviour at the points x = ±£ is very important for validity of the factorization 
theorem in different hard exclusive reactions. 

Let us mention that DD's _F 7 (/3,a) depend on the factorization scale \i. From phys- 
ical point of view, the evolution in /i and computing chiral corrections are independent 
operations and hence must commute with each other. Using formulae ( PB"[ ) and ( P7[ ) one 
can easily see that this property takes place. Consider, for simplicity, the leading loga- 
rithmic approximation for the evolution in factorisation scale \x. To this accuracy one can 
construct multiplicatively renormalizable moments: 



Hfat) = j_ i dxH I (x^,t)C 3 J 2 (x/0 (30) 
$£(77, m™) = J du$l„(u,ri,m nn ) C* /2 (u) (31) 

where C^' 2 (u) is a Gegenbauer polynomial. Their evolution is given by simple equations^: 



(32) 
(33) 



where L(/i, /j ) = a(fi 2 ) / a^l) , 7 n and (3q is leading order anomalous dimension and QCD 
/3-function respectively. 

Computing the Gegenbauer moments of eq. fl2"7p we obtain: 



ff£W)(l- 



m 2 lnm 2 



(4vrF^ 



+ 



(34) 



1 



2(4^) 



-1 



m. 



In 







Using fl32|) and fl33|) we obtain that above equation remains unchanged. In other words, 
chiral corrections are decoupled from evolution as it should be. 

Chiral loops generate corrections to the soft pion theorem (TO). Taking limit £ — > 
±1, t — > we obtain: 



H 



1=0, 



x,£ = ±l,t = 0) 



m 2 \n\mV\ 



dr) $ L°(^) • 



(35) 



2(4^)2 

Whereas the soft pion theorem ( |T9"| ) does not get corrections of the order m 2 ln(m w ) 
H I=1 (x,S = ± l,t = 0) = °^{u)+0{ml). (36) 

3 We consider only isovector case 1=1 for simplicity 
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Now we consider various limiting cases of the obtained results for the chiral expansion 
of the pion GPDs. 

Sum rules 

The first Mellin moment of the non-singlet GPD H 1=1 is the related to the pion electro- 
magnetic form factor 



j\dx H I = 1 (x,U) = Fnt). 



(37) 



Integrating the the one-loop result (B7I) we obtain the well known result for the leading 
non-analytic contribution to the pion e.m. form factor|| 



(AnF T y (4irF n y Jo 



dr] 



m l - (i -v 2 )- 



ln 



m l - (i -v 2 )- 



(3* 



The second moment of the singlet GPD H 1 is related to the form factors of quark part 
of the energy momentum tensor: 



J dx x H I=0 (x, £,t)= 2 6 2 {t) - 2 £ 2 0i(i) , (39) 
where Oi^{t) are the pion form factors of the quark part of the energy momentum tensor 



12, 13 



(p'|T£» = 2 P»P u 6 2 {t) + -GT A 2 - A"A")0!(t) . 



(40) 



Computing the second Mellin moment of our results for the singlet GPD (26) we obtain 
the leading non-analytic corrections for the energy momentum tensor: 



9 2 (t) = -M?(l + 0(p 2 : 



exit) 



M? 1 + 



ml 



2t r 1 



drj (1 — rj 2 ) In 



[i-v 2 



(41) 
(42) 



This result coincides with that of ref. ITS 



Forward limit and parton distributions in the transverse plane 

In the forward limit, i.e. £ -> 0, t -> the GPDs H I=0 and H I=1 are reduced to the singlet 
and non-singlet quark distributions in the pion correspondingly. It is easy to see from 
eq. (p6|) that the singlet quark distribution in the pion does not receive non-analytical 
chiral corrections. The same conclusion was reached in refs. []14] , 
quark distribution, the forward limit of eq. (E7I) gives: 



As to nonsinglet 
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q{x) = q (x) 1 - 



m^lnmj; 
(4vrF^)2 



<J(x) 



(43) 



This is exactly the result obtained recently in refs. [14], Note that two limits £ — > 
and — >• do not commute The above result is obtained by taking the limit £ — > 
before the limit — > 0. 

Let us now consider more general limit when £ — > but t 7^ 0. In such limit the GPDs 
can interpreted as the Fourier transform of the probability distribution of partons in the 
transverse plane ]TB| . Taking this particular limit we again obtain that the singlet GPDs 
has no the non-analytic chiral corrections, whereas the result for the the non-singlet GPDs 
can be written as: 



H I=1 (x,0,t) = q(x,t) = q(x) I 1- 



rnilnrn? 



(4^ 



+ S(x) 



(4ttF^ 



dr\ 



In 



(44) 



The probability distribution of partons in the transverse plane is obtained from the above 
result by the Fourier transformation ||16||: 



f{x,b A 



d 2 A ± 
(2k)' 



H(x,0,-A 2 ) e i ^' Aj 



(45) 



As the expression (fQ]) is valid only for small values of t we are able to derive only the 
behaviour of f(x,b±) at large values of the impact parameter b±: 



S(x) 



(4ttF^) 2 37r&i 



1 7 1 

for — — < b± < — . 



(46) 



From eq. fl44|) we can also obtain the leading chiral contribution to the average width of 
the bj_ distribution 



(bl)= \d 2 b L b\ f(x,b ± ) = -- 5{x) 



In m 2 



(47) 



We see that the width of the parton distribution in the transverse plane is divergent in 
the chiral limit. This divergent piece arises from the contribution of the long-range pion 
cloud. Note that partons which are "responsible" for the divergent chiral contribution are 
"concentrated" in the region of small [] x. 

Extrapolation to t = 

Generalized parton distributions can be probed in the hard exclusive reactions. Usually 



'More precisely at x <C m^/(47rF w ) 2 
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(a) 





(b) 



(c) 



Figure 3: Diagrams contributing to two pion DAs matrix elements. Tree level (a) and loop 
corrections (b), (c) 

the point t = is not accessible directly in these processes. Our results for the leading 
non-analytical corrections for the GPDs allow us to study the extrapolation of the GPDs 
to the point t = 0. Exactly at t — the expression for the pion GPDs with leading 
non-analytic chiral corrections included has the form: 



H I =°(x,£,t = 0) 



H 



1=0, 



2(4tt^) 2 
+ 



x,0 

+ 6 M4M ml Hml) £ dr, $ L=° ( ?,V 



(4f 



x 

T 



(49) 



0[\X\<£] 2 w 2^ 



x 

I, 



Also from eqs. (p6 |T7) we can easily obtain the leading non-analytic contributions to the 
"slopes" of the t-dependence of the GPDs. The result is: 



«[M < {] 



t=0 



d_ 

Of 



H<=\x,U) 



(4ttF, 
6[\x\<£] 



) f x 




u 




7=1 ( 




2tt 1 





(50) 



4(47^)^ ^ * 

Such relations can be useful for extrapolation of the experimental data from nonzero t to 
the point t — 0. Also these relations can be useful for interpretation of the lattice results. 

4.2 Two pion Distribution Amplitudes 

Diagrams for the chiral expansion of the 27rDAs are depicted in Fig|| Their contribution 
reads: 

1 



2(4vr^ 



x [ml — 2m^J J dr/' In 



[1-T] 
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7} 



2(4nF v y J-i 



drj' 



(4ttF w )2 

2 



(52) 



In 



m. 



(1-^) 



ax m ™ 



4 



(9 



These equations can be easily obtained from (p6|) and (P7|) using crossing symmetry. One 
can investigate all basic properties of ChPT corrections in the same way as for GPD. We 
shall not repeat this discussion. 

As we can see from the ([51]) and ( |52"D chiral corrections have a simple behaviour in 
parameter rj. Recall that 



T] = V COS 9 C 



(53) 



where 9 cm is polar angle of the pion momentum in the CM frame with respect to the 
direction of the total momentum P and v is the velocity of produced pions in the center 
of mass frame: 



\ 



4 m 2 
raL. 



(54) 



In other words, chiral corrections contribute only to lowest partial wave because outgoing 
pions can not be produced in state with higher orbital momentum from the corresponding 
diagram Fig. @(b). 

Let us also note that in the physical region m n7r > 2m v chiral logarithm generate 
imaginary part due to two pion intermediate state: 



7T 



-Im$^ 7r (M,?7,m 7r7r ) 



Oijn^ > 2m,r) 



\mz 



2ml 



2(4ttF w ) 1 



7T 



r]9{m^ > 2m^] 
2(47rig 2 



drj' 



m\-{\-r] 



_d_ 

drj' 



$2^ M) 



This imaginary part does not depend on the renormalization scale fi x because to a given 
accuracy analytical contributions can not develop imaginary part of the matrix element. 



5 Chiral corrections to the amplitudes of the hard 
exclusive processes 

From the expressions for the chiral expansion of the pion GPDs and DAs we can obtain 
the chiral expansion of the amplitudes of various hard exclusive processes. 

5.1 7*7 — > 7T7T and 7*iV — > 2ttN' near pions threshold 

We start with the reaction 7*7 — > titt near the threshold and in the hard regime, i.e. the 
virtuality of the photon 7* is much larger than the typical hadronic scale Q ^> Aqcd- 
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To the leading twist approximation and leading order of QCD perturbation theory the 
amplitude of the reaction is dominated by the helicity amplitude describing scattering of 
transversely polarized photons [T7 |. The answer is expressible in terms of the isoscalar 
2ttDA Q 



A++ (77, m,™-) 



i ^ ^-°(M,77,m^) 
-i 1 — u 



(55) 



Substituting here the results for the chiral corrections to the 27rDA (see eq. fl5"l"D) we 
obtain the chiral expansion of the corresponding amplitude 



u 

A ++ {r],m^) =A (v) + 



2mt 



2(4vr^)2' 

o 

Here we used an obvious notation A (v) f° r 



dr]' In 



A (r)) = A(r), m W7T = 0) 



ITll=0 



du 



U,T)) 



-1 



1-U 



(57) 



We note that the amplitude of the hard 7*7 — > tttt reactions, in contrast to its soft 
counterpart (low photon virtuality), is the same for the 7r°7r° and 7t + tt~ . The difference 
between these final states is the higher twist effect. 

From eq. (|)6|) we see immediately that the 0(p 2 lnp 2 ) corrections affect only the S- 
wave partial amplitude and hence the whole amplitude is shifted by the 77 independent 
"partonic" form factor T{m^\. 



T{m % 



2(47^ 



\m\ — 2m 



2 1 

TTTT] 



-1 



drj' In 



ml - (1 - 77 



4 



A (v f ) ■ 



(5f 



From (^) we obtain that imaginary part of the amplitude is given by imaginary part of 
that formfactor: 



Inu4 ++ = — - ^ [m; - 2m W7 



2(4ttF t ) 



(59) 



At the twist three level there is contribution from the amplitude describing scattering of 
longitudinally polarized virtual photon. In the so-called Wandura-Wilczek approximation 
the answer can be expressed in terms of the same isoscalar DA [ITR II 



A 0+ (r],m n7r ) = d n 



1 _ 2 

du $2~°(w, 77,77^)- 

-1 ~ 1 — u 



In 1 



l-u 



(60) 



The additional derivative in 77 ensures correct symmetrical properties of the amplitude. 
Because of of that derivative the chiral corrections 0(p 2 hip 2 ) does not contributue to this 
amplitude and we obtain: 



A 0+ (r),m 7 , 



d v J du $ 77) Y^ln ( 1 - 



1 - u 



0( P 2 



(61) 



3 For brevity we do not write trivial factors related to the quark charges 
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In the hard exclusive process of two-pion production off the nucleon 7*iV — > 2ttN' the 
dependence of the amplitude (at the leading order) on the di-pion mass is governed 
by the integral (pB]) (for the pion pairs in the C = +1 channel) and by the integral: 



B(rj,m 7l 



du 



2tt \v,v,™* 

l-u 



(62) 



in the C — — 1 channel [JTOj, |2D|, 21]. Substituting here the results for the chiral corrections 
to the 27rDA (see eq. (|52|)) we obtain the chiral expansion of the corresponding amplitude 



B(r), m nn ) =B (r)) 1 - 



m^lnm 2 
(4tt^) 2 



2(4 7 rF 7r ) 



dry' 
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ml 



5.2 DVCS on the pion target 



In 



'2 



(63) 



ft/ B M 



The amplitude of the deeply virtual Compton scattering (DVCS) in the leading order of 
pQCD is expressible in terms of the Compton form factors, which are defined as [0], Q 



-l x — £ + Z£ 



The imaginary part of the amplitude is defined by the residue at x = £: 

Im^(e,t) = -7r J ff / = (£,£,t), 



(64) 



(65) 



and sensitive to the diagonal value of the GPD, therefore it is not affected by the non- 
analytic chiral corrections. 

Chiral expansion of the Compton form factors can be written as 



i 



2(47^)2 



[m 2 n - 2t] / drj In 



A (v) ■ (66) 



We see again that the amplitude is shifted by the ^-independent form factor jF(t) (see 
eq. (|58D ) in the space-like region. 

We want emphasize that the 1-loop chiral corrections affect only the real part of the 
Compton amplitude because chiral correction nullifies at the points x = ±£ according to 
eq. (|26|). Hence we see that real and imaginary parts have a quite different behaviour at 
the small values of t. This true not only for isoscalar GPD which contains the D-term but 
also for the isovector GPD. This qualitative difference in t-behaviour of the real and the 
imaginary parts of the Compton amplitude leads to qualitatively different t-behaviour of, 
say, beam charge and beam helicity asymmetries. The former is sensitive to the real part 
and the latter to the imaginary part of the DVCS amplitude. Note the naive factorization 
ansatz used for modelling of GPD at small t suggests the same ^-dependence of the real 
and imaginary parts of the Compton amplitudes. 
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6 Conclusions 



We calculated the leading non-analytic chiral corrections to the generalized parton distri- 
butions and to the two pion distribution amplitudes. In this paper we restricted ourself 
to the case of the pion. First we established chiral counting rules for the leading twist 
operators on the light-cone in the effective field theory. On the basis of these counting 
rules we constructed the corresponding operators in the effective field theory and further 
computed the leading non-analytic corrections to GPDs, 27rDAs and as consequence to 
the hard exclusive processes like 7*7 — ► tt-k, 7*iV — > 2ttN', 7*7r — > 771", etc. 

Obtained results show that the leading non-analytic chiral corrections to the GPDs 
affect only in the region \x\ < £ Q and as consequence only the real part of the leading 
order DVCS amplitude receives the non-analytical chiral corrections. This implies that 
the t-dependencies of such observables as charge and helicity beam asymmetries could 
be qualitatively different even at small momentum transfer. Hence, the the studying of 
the t-dependence of these asymmetries can provide us important information about the 
t-dependence of the GPDs. 

We checked our results comparing them in the specific limiting cases with known chiral 
corrections to form factors and to parton distributions. Additionally we derived the form 
of the parton distributions in the transverse plane at large values of the impact parameter. 

Our results for the leading non-analytic chiral corrections to GPDs and 27rDAs can 
be used for extrapolation [^2| of the lattice and experimental data in m n and t. Also 



the data on the hard exclusive processes confronted with our chiral perturbation theory 
predictions will be a new, complementary to the low energy soft reactions, test of the 
chiral dynamics. 



7 Acknowledgments 

We are thankful to Lech Mankiewicz and Marc Vanderhaeghen for many valuable discus- 
sions. The work of NK is supported by DFG (project 920585). MVP is supported by the 
Sofja Kovalevskaja Programme of the Alexander von Humboldt Foundation, the Federal 
Ministry of Education and Research and the Programme for Investment in the Future of 
German Government. 



References 

[1] D. Miiller, D. Robaschik, B. Geyer B., F.-M. Dittes, and J. Horejsi, Fortschr. Phys. 
42, 101 (1994). 

[2] X. Ji, Phys. Rev. Lett. 78, 610 (1997); Phys. Rev. D 55, 7114 (1997). 
[3] A.V. Radyushkin, Phys. Rev. D 56, 5524 (1997). 

[4] J.C. Collins, L.L. Frankfurt, and M. Strikman, Phys. Rev. D 56, 2982 (1997). 
6 For isovector GPD there is a t-independent correction "living" on the whole interval of x. 



15 



[5] 



X. D. Ji, J. Phys. G 24 (1998) 1181 ||arXiv:hep-ph/9807358| . 
A. V. Radyushkin, |arXiv:hep-ph/0101225 



K. Goeke, M. V. Polyakov and M. Vanderhaeghen, Prog. Part. Nucl. Phys. 47 (2001) 



401 ||arXiv:hep-ph/0106012 



A. V. Belitsky, D. Muller and A. Kirchner, |arXiv: hep-ph / 1 1 2 1 08 



[6] J. Gasser and H. Leutwyler, Annals Phys. 158 (1984) 142 
[7] 



J. Schechter, "Introduction to effective Lagrangians for QCD," |arXiv:hep- 
ph/01 12205| . 



J. Bijnens, "Chiral Lagrangians," |arXiv: hep-ph / 1 08 1 1 1 



G. Colangelo and G. Isidori, "An introduction to CHPT," |arXiv:hep-ph/0l0l264 

H. Leutwyler, |arXiv:hep-ph/0008124 . 



B. R. Holstein, "A brief introduction to chiral perturbation theory," |arXiv:hep- 
ph/9911449j . 



G. Ecker, Prog. Part. Nucl. Phys. 35 (1995) 1 ||arXiv:hep-ph/9501357 



A. Pich, Rept. Prog. Phys. 58 (1995) 563 ||arXiv:hep-ph/9502366 



[9 
[10 

[11 

[12 
[13 
[14 
[15 

[16 

[17; 

[18 
[19 
[20 



A.V. Radyushkin, Phys. Rev. D 58, 114008 (1998). 

M.V. Polyakov , and C. Weiss, Phys. Rev. D 60, 114017 (1999). 

M.V. Polyakov, Nucl. Phys. B 555 (1999) 231 [|arXiv:hep-ph/9809483| 



O. Teryaev, talk given at "XIV International Seminar on High Energy Physics Prob- 
lems" , August 1998. 

H. Pagels, Phys. Rev. 144, 144 (1966). 

J. F. Donoghue and H. Leutwyler, Z. Phys. C 52 (1991) 343. 



D. Arndt and M. J. Savage, Nucl. Phys. A 697 (2002) 429 ||arXiv:nucl-th/0105045 



J. W. Chen and X. Ji, Phys. Lett. B 523 (2001) 107 ||arXiv:hep-ph/0105197 
J. W. Chen and X. Ji, Phys. Rev. Lett. 87 (2001) 152002 ||arXiv:hep-ph/0107158|| . 

M. Burkardt, |hep-ph/0105324| . 

M. Diehl, T. Gousset, B. Pire and O. Teryaev, Phys. Rev. Lett. 81 (1998) 1782 
||arXiv:hep-ph/980538q| . 



N. Kivel and L. Mankiewicz, Phys. Rev. D 63 (2001) 054017 ||arXiv:hep-ph/00l0l6l 



I. V. Anikin and O. V. Teryaev, Phys. Lett. B 509 (2001) 95 ||arXiv:hep-ph/0102209 



M. Diehl, T. Gousset, B. Pire and O. V. Terayev, |arXiv:hep-ph/9901233| . 



16 



[21] B. Lehmann-Dronke, P. V. Pobylitsa, . V. Polyakov, A. Schafer and K. Goeke, Phys. 
Lett. B 475 (2000) 147 ||arXiv:hep-ph/99103iq . 



[22] Discussion of extrapolation of the lattice data for parton distributions see, e.g., in 
W. Detmold, W. Melnitchouk and A. W. Thomas, Eur. Phys. J. directC 13 (2001) 
1 |^rXiv:hep-lat/0l08002[. 



17 



